Abstract. Sympathetic activation in a ''fight or flight reaction'' may put the sensory systems for hearing and balance into a state of heightened alert via b 1 -adrenergic receptors (b 1 -AR). The aim of the present study was to localize b 1 -AR in the gerbil inner ear by confocal immunocytochemistry, to characterize b 1 -AR by Western immunoblots, and to identify b 1 -AR pharmacologically by measurements of cAMP production. Staining for b 1 -AR was found in strial marginal cells, inner and outer hair cells, outer sulcus, and spiral ganglia cells of the cochlea, as well as in dark, transitional and supporting cells of the vestibular labyrinth. Receptors were characterized in microdissected inner ear tissue fractions as 55 kDa nonglycosylated species and as 160 kDa high-mannoseglycosylated complexes. Pharmacological studies using isoproterenol, ICI-118551 and CGP-20712A demonstrated b 1 -AR as the predominant adrenergic receptor in stria vascularis and organ of Corti. In conclusion, b 1 -AR are present and functional in inner ear epithelial cells that are involved in K + cycling and auditory transduction, as well as in neuronal cells that are involved in auditory transmission.
Introduction
Beta-adrenergic receptors (b-AR) mediate a number of organ-specific responses that are part of the ''fight or flight reaction''. For example, b 1 -AR increase heart rate and force and b 2 -AR open and moisturize airways and eyes [2, 26] . Hearing and the sensation of balance and acceleration may be as important as sight for a successful ''fight or flight reaction''. The inner ear is well supplied with a vascular and a vesselindependent sympathetic innervation [20] , which indicates the importance of sympathetic control. It has been shown that autonomic innervation influences the vascular tone [12] . It is largely unknown, however, what effects in the inner ear result from sympathetic stimulation. Recent pharmacological studies have demonstrated b 1 -AR in the cochlea and the vestibular labyrinth. b 1 -AR occur in strial marginal cells of the cochlea and in dark cells of the vestibular labyrinth [23, 24] . These epithelial cells are responsible for K + secretion and essential for K + cycling, which is a prerequisite for sensory transduction [22] . Activation of b 1 -AR has been shown in both epithelial cell types to increase the rate of K + secretion [23, 24] . One may speculate that an elevated rate of K + secretion is necessary to enable the cochlea and the vestibular labyrinth to perform in the presence of an increased stimulatory load. Stimulation of K + secretion, however, may not be sufficient to enhance the performance of the inner ear. The performance of other inner ear cell types, in particular those involved in sensory transduction and transmission, may require stimulation and therefore may be endowed with b-AR. It is currently unknown whether b 1 -AR are present in inner ear cells other than strial marginal cells and vestibular dark cells. Thus, the aim of the present study was to localize b 1 -AR in the cochlea and the vestibular labyrinth.
b 1 -AR were localized by confocal immunocytochemistry, characterized in Western immunoblots, and identified pharmacologically by measurements of cAMP production. Our observations confirm the presence of b 1 -AR in strial marginal and vestibular dark cells and demonstrate for the first time the presence of b 1 -AR in inner and outer hair cells, outer sulcus and spiral ganglion cells of the cochlea, as well as in transitional and supporting cells in cristae and maculae of the vestibular labyrinth. Taken together, b 1 -AR are present in cells that are involved in auditory transduction and processing, as well as in cochlear and vestibular K + cycling.
Materials and Methods

ANIMALS
Adult, female gerbils (between 60 and 80 g) were deeply anesthetized with pentobarbital (100 mg/kg i.p.) and sacrificed by decapitation or transcardial perfusion with a nitrate solution followed by 3.7% formaldehyde/zinc (Electron Microscopy Science, Fort Washington, PA). All procedures involving animals were approved by the Institutional Animal Care and Use Committee at Kansas State University.
CRYOSECTIONS
Methods for the preparation of cryosections are similar to those described previously [25] . In detail, the stapes and the round window membrane were removed and a small hole was drilled at the helicotrema of the cochlea. Both scalae were perfused with fixative (0.5 ml at 0.1 ml/min at 4°C) through the round and oval windows. 
IMMUNOCYTOCHEMISTRY
Cryosections were rehydrated in PBS (15 min at room temperature (RT)) and permeabilized and blocked (1 h at RT) with PBS-Triton (0.2% Triton-X in PBS) containing 10% goat serum (Sigma, St. Louis, MO). The rabbit polyclonal anti b 1 -AR antibody (Santa Cruz SC-568, Santa Cruz, CA) was raised against a peptide mapping to the C-terminus (amino acids 446-464) of the mouse b 1 -AR. This antibody was the only one out of 6 commercially available b 1 -AR antibodies that is recommended for immunocytochemistry and Western immunoblotting. The antibody is reported to react specifically with b 1 -AR of mouse, rat and human without any cross-reactivity with b 2 -or b 3 -AR (Santa Cruz). The specificity of the antibody was verified using cryosections of the gerbil kidney. The staining pattern was similar to that reported in rat kidney [5] and absent when the antibody was pre-incubated with its immunizing peptide. The antibody was diluted (1:400; final concentration 0.5 lg/ml) with PBS-Triton containing 1% goat serum with or without the antigenic peptide (1:80; final concentration of 2.5 lg/ml) and incubated with the cryosections (overnight at 4°C). Slides were washed with PBS-Triton and incubated (1 h at RT) with an Alexa 488-conjugated goat anti-rabbit antibody (Molecular Probes, Eugene, OR), which was diluted 1:300 in PBS-Triton containing 1% goat serum. Slides were washed with PBS-Triton, embedded in FluorSave (Calbiochem, San Diego, CA) and coverslipped. Sections were examined with a confocal microscope (LSM 5 Pascal, Carl Zeiss, Jena, Germany), using a 488 nm argon laser and a 505-530 nm band-pass filter. All immunocytochemical experiments were performed at least six times to ensure repeatability.
PROTEIN PREPARATIONS
Methods for the isolation of cochlear and vestibular tissues have been described previously [23] . Temporal bones were dissected in PBS (4°C) and four fractions of inner ear tissues were isolated: 1) stria vascularis, 2) organ of Corti with the limbus and the outer part of the spiral lamina, 3) modiolus, and 4) vestibular labyrinth consisting of the utricle, ampullae and semicircular canals. We were meticulous to achieve a complete separation of the four fragments. Stria vascularis in particular peels off easily from the spiral ligament. Serial sections confirmed that stria vascularis including its basilar cell layer is removed completely from the spiral ligament. The organ of Corti with the limbus and the outer part of the spiral lamina is unrolled carefully from the modiolus under high magnification. It separates well and consistently from the adjacent modiolus fraction. Inner ear tissues were homogenized separately by sonication (45 min at 4°C) in lysis buffer (50 mM Tris-Cl, 2 mM EDTA, 320 mM sucrose, pH 7.4) with 2% protease inhibitor cocktail (Sigma, P8340). Insoluble cell debris was removed by centrifugation (10,000 · g for 20 min at 4°C) and the supernatant was stored ()20°C). Heart and kidneys were homogenized, debris was removed by centrifugation and membranes were pelleted by ultracentrifugation (60,000 · g for 45 min at 4°C). Proteins were solubilized in resuspension buffer (50 mM Tris-Cl, 2 mM EDTA, 1% Triton X-100, pH 7.4) with 2% protease inhibitor cocktail. Concentrations were determined by a detergent-compatible protein assay (DC Protein Assay, Bio-Rad, Hercules, CA).
WESTERN BLOTTING
Proteins (25 lg per well) were denatured in the presence of 2.5% SDS and 2.5% b-mercaptoethanol (10 min at 70°C) and resolved by electrophoresis (100 V for 90 min) in a 4-15% polyacrylamide Tris-HCI gel (10-well mini-gel, Bio-Rad). A colored marker (Rainbow Molecular Weight Markers, Amersham Biosciences, Piscataway, NJ) was used to evaluate transfer efficiency and was calibrated against a precision marker (Precision Marker, BioRad) for estimation of molecular weight. Proteins were transferred (45 min at 15 V) onto a nitrocellulose membrane (0.45 lm pores, Bio-Rad) using a semidry process (Trans-Blot SD-Dry Transfer Cell, Bio-Rad) and Towbin buffer (25 mM Tris, 200 mM glycine and 20% methanol, pH 8.3). The membrane was blocked by incubation (1.5 h at RT) in PBS-Tween containing 0.1% Tween-20 and 5% non-fat dry milk (Bio-Rad).
PROTEIN DETECTION
Nitrocellulose membranes were incubated (overnight at 4°C) with the b 1 -AR antibody (diluted 1:3,000; final concentration of 66 ng/ ml with PBS-Tween containing 1% non-fat dry milk) with or without the antigenic peptide (1:600; final concentration of 333 ng/ ml). Membranes were washed with PBS-Tween and incubated (1 h at RT) with a horseradish peroxidase-conjugated donkey antirabbit antibody (Amersham Biosciences) that was diluted (1:3,000) with PBS-Tween containing 5% non-fat dry milk. Membranes were then washed with PBS-Tween, treated with the chemiluminescent detection agent (ECL + Plus, Amersham Biosciences), exposed (2-10 min) to high performance chemiluminescence film (Hyperfilm ECL, Amersham Biosciences) and developed immediately (X-Omat, Kodak).
DEGLYCOSYLATION
Protein samples (25 lg) were heat-denatured (5 min at 100°C) in the presence of 2.5% SDS and 1% b-mercaptoethanol. Deglycosylation was performed by incubation (37°C, 3 h) in the presence of 1.25% Triton X-100 with either of the two N-glycosidases, 5 U PNGase F (PROzyme, San Leandro, CA) or 5 mU Endo H (Sig-ma), or with the O-glycosidases 5 mU sialidase A and 1.25 mU endo-O-glycosidase (PROzyme). Deglycosylated proteins and their controls were then subjected to Western blotting.
PRODUCTION OF cAMP
For each experiment, stria vascularis and organ of Corti from 6 ears (3 gerbils) were pooled and separated into five apparently equal samples. The modioli were cut into half and five equal halves were used. Each of these five samples was treated either with saline (control), forskolin, isoproterenol, isoproterenol with ICI-118551, or isoproterenol with CGP-20712A. These samples were run in parallel to facilitate paired analysis. 14, 9 and 14 experiments were run for stria vascularis, organ of Corti and modiolus, respectively. After warming samples to 37°C, NaCl solution (in mM: 150 NaCl, In a second step, NaCl solution with or without the agonists (10 )5 M forskolin or 10 )5 M isoproterenol (Sigma)) was added.
After 12 min of incubation at 37°C, the reaction was stopped by adding cold (4°C) lysis buffer (Amersham). Tissue lysis was supported by sonication in ice water (10 min). Undissolved tissue fragments were removed by centrifugation and cAMP was measured in the supernatant with an immunoassay according to the manufacturer's protocol (non-acetylation protocol, cAMP assay, Amersham). The cAMP concentrations of the samples were calculated by comparing the data to a standard curve that was run in parallel to the samples. Significance of changes in cAMP production was determined using a paired Student t-test. Significance was assumed on an error probability of less than 0.05 (P < 0.05). (Fig. 1A-B) . Weaker staining was found in Reissner's membrane, the spiral ligament, spiral prominence and in endothelial cells of blood vessels located in the modiolus, the interscalar septae and the lateral wall. Immunoreactivity of strial marginal cells appeared to be located in the densely infolded basolateral membranes rather than in apical membranes (Fig. 1C and  D) . In addition to marginal cells, basal cells of stria vascularis appeared to be stained, although staining was weaker. Inner and outer hair cells displayed different staining patterns (Fig. 1E) . Staining of outer hair cells appeared to be concentrated in the lateral membrane, whereas staining of inner hair cells appeared to occur in the basolateral membrane as well as in the cytosol. A punctate staining pattern was found in the synaptic region at the base of the inner hair cells (Fig. 1E) . No staining was found in the region of the habenula perforata. Prominent staining was observed in spiral ganglia cells (Fig. 1F) . No apparent difference was found between bigger spiral ganglion cells that presumably represent myelinated type-I cells and smaller cells that presumably represent unmyelinated type-II cells Prominent b 1 -AR immunoreactivity was found in the vestibular labyrinth in supporting cells in the cristae and maculae ( Fig. 2A,B, and D) . Weaker staining was found in vestibular dark cells and transitional cells (Fig. 2C and E) . No staining was found in vestibular hair cells, in the synaptic region underneath the hair cells, or in wall cells of the semicircular canals. The described immunoreactivities in the cochlea and vestibular labyrinth were absent when the b 1 -AR antibody was pre-absorbed with the antigenic peptide (data not shown).
Results
LOCALIZATION
CHARACTERIZATION OF b 1 -AR b 1 -AR were characterized by Western immunoblotting. Heart and kidney, which are known to express b 1 AR [5, 7] , served as positive controls and were used to develop procedures suitable for the minute protein samples that can be obtained from microdissected inner ear tissue fractions. The antibody recognized three bands in blots of heart and kidney membrane preparations with the apparent molecular weights of 160, 90 and 66 kDa (n = 3; Fig. 3 ). Recognition of these bands was lost when the primary antibody was pre-absorbed with the antigenic peptide (n = 3). Two additional bands around 40 kDa were considered unspecific since they were recognized by the pre-absorbed primary antibody. These observations suggest that the 160, 90 and 66 kDa bands in kidney and heart contain b 1 -AR protein.
Similar observations were made in blots of proteins obtained from the inner ear tissue fractions stria vascularis, organ of Corti, modiolus, and vestibular labyrinth. The antibody recognized bands with the apparent molecular weights of 160, 100 and 55 kDa (n = 3 for each; Fig. 3 ). Recognition of these bands was lost when the primary antibody was pre-absorbed with the antigenic peptide (n = 3 for each). Two additional bands around 40 kDa were considered unspecific since they were recognized by the preabsorbed primary antibody. These observations suggest that the 160, 100 and 55 kDa bands in inner ear tissue fractions contain b 1 -AR protein.
The observation that multiple bands were recognized in heart, kidney and inner ear tissue fractions suggests that b 1 -AR protein occurs in different modifications and complexes. The mobility of these apparent modifications and/or complexes in kidney was not altered by more rigorous denaturation (15 min at 100°C), more forceful reduction (0.4% DTT instead of 2.5% b-ME with addition of the alkylating reagent 0.1% iodoacetamide), or more thorough solubilization (addition of 2% Nonidet P-40
Glycosylation is among the most common posttranslational modifications of membrane proteins including b-AR (see Discussion). If b 1 -AR proteins in the heart, kidney and inner ear tissue fractions are glycosylated, it would be expected that enzymatic deglycosylation would lead to a mobility shift.
Digestion of heart and kidney proteins with Endo H, which cleaves off high-mannose N-linked oligosaccharides, shifted the 160 kDa band to 140 kDa (n = 3, for each, Fig. 3 ). Pre absorption of the antibody with the antigenic peptide resulted in a loss of recognition of the 140 kDa band, which suggests that the band contains b 1 -AR protein (n = 3 for each; data not shown). Digestion of heart proteins with PNGase F, which cleaves off high-mannose as well as complex N-linked oligosaccharides, shifted the 160 kDa band to 140 kDa (n = 3). Digestion of kidney proteins with PNGase F shifted the 160 kDa band to the 140 kDa band, and in addition, shifted the 90 kDa band to 80 kDa (n = 3). Pre-absorption of the antibody with the antigenic peptide resulted in a loss of recognition of the 140 kDa band in kidney and heart and of the 80 kDa band in kidney (n = 3 for each). Neither Endo H nor PNGase F shifted the unspecific bands around 40 kDa.
Digestion of each of the inner ear tissue fractions with N-glycosidases yielded similar results. Digestion with Endo H and PNGase F shifted the 160 kDa bands to 140 kDa (n = 3 for each; Fig. 3 ). Preabsorption of the antibody with the antigenic peptide resulted in a loss of recognition of the 140 kDa band (data not shown). Digestion with Endo H and PNGase F did not shift the 100 kDa or the 55 kDa bands.
Digestion with O-glycosidases sialidase A and Endo O did not result in shifts of the recognized bands in kidney (n = 3) or in inner ear tissue fractions (stria vascularis, modiolus, and vestibular labyrinth; n = 1 for each). Positive control experiments were performed in parallel and entailed the deglycosylation of bovine fetuin protein (n = 3; data not shown). Production of cAMP in stria vascularis and modiolus was low under control conditions and increased by forskolin and isoproterenol (Fig. 4) . In contrast, cAMP production in the organ of Corti was comparably high under control conditions and increased by forskolin but not by isoproterenol. ICI-118551 and CGP-20712A reduced cAMP production in stria vascularis and organ of Corti, which is consistent with the presence of predominant populations of b 1 -AR. In contrast, cAMP production in the modiolus was reduced by ICI-118551 but not by CGP-20712A, which is consistent with the presence of a predominant population of b 2 -AR.
PHARMACOLOGICAL IDENTIFICATION
present in the tissues, it would be expected that agonist isoproterenol at 10 )5 M would increase cAMP production. Forskolin (10 )5 M), a direct stimulant
Discussion
The most salient findings of the present study are 1) that b 1 -AR are localized in stria marginal cells, outer sulcus cells, inner and outer hair cells, neuronal elements underneath the inner hair cells, spiral ganglion cells and supporting cells neighboring vestibular hair cells; 2) that b 1 -AR occur in all four inner ear tissue fractions as well as in heart and kidney in unglycosylated and highmannose glycosylated complexes; and 3) that b 1 -AR are the predominant functional b-AR in stria vascularis and organ of Corti, whereas b 2 -AR are the predominant functional receptors in the modiolus.
LOCALIZATION AND IDENTIFICATION OF b-AR b 1 -Acetylcholine receptors were localized by confocal immunocytochemistry in the cochlea and the vestibular labyrinth. Staining was considered specific since it was absent in the presence of the antigenic peptide. In addition, positive and negative controls were used to verify specificity. Staining of stria vascularis and vestibular dark cells was taken as a positive control since it is consistent with the pharmacological demonstration of functional b 1 -AR in these tissues [23, 24] . Further, the absence of staining in the semicircular canal epithelium, which contains functional b 2 -AR but not b 2 -AR [15] , was taken as a negative control. The correspondence between staining and functional data validates the immunocytochemistry. Staining of inner and outer hair cells was validated by a functional demonstration of b 1 -AR in the organ of Corti (Fig. 1 and 4) . Interestingly, cAMP production appeared elevated under control conditions. Addition of isoproterenol failed to stimulate cAMP production, and addition of the antagonists ICI-118551 and CGP-20712A caused a significant inhibition of cAMP production consistent with the presence of b 1 -AR (Fig. 4) . The observation that cAMP production appeared elevated under control conditions when compared to other tissue fractions may be due to the intrinsic presence of agonist. It is conceivable that sympathetic innervation provides a significant source of agonist in the organ of Corti tissue fraction.
The location of the b 2 -AR that were identified by functional measurements in the modiolus (Fig. 4) and non-strial lateral wall tissues [19] remains undetermined due to the unavailability of a specific b 2 -AR antibody.
CHARACTERIZATION OF b-AR COMPLEXES b 1 -AR have a theoretical molecular weight of 50 kDa. The specific band at 55 kDa, which was detected in all four inner ear tissue fractions, may thus be the b 1 -AR. The theoretical molecular weight, however, can differ considerably from the apparent weight detectable by electrophoresis due to posttranslational modifications such as N-and O-glycosylation or the formation of oligomeric complexes. Glycosylation, which can be tissue specific, is a modification that is typical for membrane proteins, including receptors.
The specific 100 and 160 kDa bands found in inner ear tissues consisted of unglycosylated and high-mannose N-glycosylated complexes that contained b 1 -AR. Interestingly, N-glycosylation and the formation of complexes appeared to be tissuespecific. The 90 kDa complex-glycosylated band was found in kidney but not in heart or the four inner ear fractions, whereas the 100 kDa non-glycosylated complex was found in inner ear tissues but not in kidney. N-glycosylation of b 1 -AR has been shown to prevent agonist-induced downregulation and to increase trafficking of b-AR to the cell surface [16] . Glycosylation in general has been shown to alter receptor trafficking, ligand binding, G-protein coupling, and desensitization [3, 4] . It remained undetermined whether complexes consisted of multimeric b 1 -AR or additional components and whether glycosylation was restricted to b 1 -AR, which are known to contain one potential N-glycosylation site. [23, 24] . Endolymph is the luminal fluid of the inner ear, which contains 150 mM K + and provides a reservoir of K + , which serves as the charge carrier for sensory transduction in cochlea and vestibular labyrinth. K + is cycling within the cochlea and the vestibular labyrinth with strial marginal and vestibular dark cells engaging in K + secretion and several epithelial cell types mediating K + efflux from endolymph [22] . Efflux of K + from endolymph occurs in the cochlea via inner and outer hair cells and outer sulcus cells and in the vestibular labyrinth via hair cells and transitional cells [11, 13, 21] . The finely tuned balance between K + secretion and K + efflux is of utmost importance. An imbalance leads to a swelling of the endolymphatic fluid compartments as seen in Menie`re's disease or a collapse of these compartments as seen in Jervell and Lange-Nielsen syndrome. The observation that K + secretion is stimulated by b 1 -AR in conjunction with the necessity of a balance between K + secretion and K + efflux leads to the hypothesis that b 1 -AR in inner and outer hair cells, outer sulcus cells and vestibular transitional cells control the efflux of K + from endolymph. A well-synchronized stimulation of K + secretion and efflux via one receptor type may ensure a coordinated speeding of K + cycling. b 1 -AR AND AUDITORY PROCESSING Patch clamp studies have shown that K + channels of inner (I K,f ) and outer hair cell (I K and I k,n ) are activated by phosphorylation via protein kinase A (9; 10). Thus, b 1 -AR in inner and outer hair cells may activate these K + channels and cause an increase in K + efflux (10) . Further, it is conceivable that b 1 -AR in the inner hair cells facilitate glutamate release, as observed in cortical glutamatergic synapses (8; 14) .
In conclusion, we demonstrated that b 1 -AR are located in the inner ear in epithelial cells that mediate sensory transduction and K + cycling and in neuronal cells that are involved in auditory transmission. Sympathetic stimulation of b 1 -AR could lead to a facilitation of synaptic transmission and a well-balanced and coordinated enhancement of K + cycling, which would adapt the inner ear to a ''fight or flight'' situation.
